Abstract -We present the first experimental demonstration of two 3.5 MSymb/s QPSK modulated wireless channels over fibre in a 2.2 km fibre ring architecture using feed-forward linearisation at the base station to improve the dynamic range of a directly modulated uncooled DFB laser. A reduction of 10 dB is observed in the spectral re-growth caused due to strong input from the adjacent channel together with reduction from 25% to <10% in the error vector magnitude at input level of -25 dBm of the weaker channel. Intermodulation distortion is reduced by 10 dB when two strong channels are at +12 dBm input level.
I. INTRODUCTION
The demand for broadband mobile services such as wireless local area network (LAN) using the IEEE802.11a/b/g standard is showing rapid growth. The Industrial Scientific Medical (ISM) band at 2.4 GHz is used for the IEEE802.11b/g and the higher frequency band 5.2 GHz is used for the IEEE802.11a standard. It is anticipated that future mobile networks will use higher-frequency microwave signals as the access medium (15-60 GHz), as this offers a large bandwidth for data transfer [1] , [2] .
Wireless-over-fibre is an attractive technology for the realization of high capacity future broadband wireless access networks. To provide large area network coverage such as at an airport, RF modulated optical signals are generated at the central station and distributed to remote base stations without significant loss using optical fibre and reach the mobile user via RF transmission allowing mobility. For a simple and cost efficient solution direct modulation of uncooled lasers is preferred. Since the base station (BS) can simultaneously receive high and low power signals, depending on how far the users are from the BS, any non-linearity in the optical link, such as nonlinear distortion introduced by a directly modulated laser, can cause spectral re-growth from a strong input signal, interfering with a weak neighbouring channel and hence limiting the system performance. Hartmann et al [3] , [4] reported a single channel wireless data transmission over multi-mode fibre using uncooled 1310 nm DFB lasers without feed-forward linearisation. Previously, we reported a feedforward linearisation technique which considerably enhanced the spurious free dynamic range of a directly modulated fibreoptic link [5] .
In this paper, we demonstrate the first experimental demonstration of the transmission of multi-channel 3.5 MSymb/s QPSK modulated wireless signals centered around 2.4 GHz in a fibre ring distribution architecture with feed-forward linearisation employed at the BS to improve system performance. Signals are generated at the central station (CS) and distributed using a coarse wavelength division multiplexing (CWDM) 2.2 km fibre ring architecture. We use CWDM lasers and filters for a low cost solution. The CWDM filters are inherently less expensive than dense wavelength division multiplexing (DWDM) filters due to the fewer number of layers in the filter design. These filters are used as optical add/drop multiplexers allowing various wavelengths to be routed to the appropriate base station. The wavelength spacing for the channels is based on a 20 nm grid allowing margin for drift from the nominal wavelength due to manufacturing tolerances, temperature range and bias current. In our demonstration we employ feed-forward linearisation only at the BS.
II. FEED-FORWARD LINEARISATION
The performance of an optical transmission system depends greatly on the nonlinearity of a laser diode. Since the intermodulation distortion generated by the laser non-linearity can cause spectral re-growth some form of distortion compensation is required. In previous work, pre-distortion techniques have been used to compensate laser diode non- linearity to reduce the third order intermodulation distortion (IMD3) for CATV [6, 7] and for multi-service wireless-overfibre systems covering cellular bands [8] . The main disadvantage with pre-distortion is the complexity of the electrical circuit to be designed and the difficulty of controlling the harmonics and IMD's at the same time. Dual parallel modulation techniques have been demonstrated experimentally to reduce the IMD3 at 2.2 GHz but only for narrow band operation [9] . In this scheme, the undesired IMD3 signal is cancelled by that of the other DFB-LD with π phase difference but the IMD5 distortion signals are not fully compensated. In contrast, the feed-forward technique is more effective since it can suppress IMD3 and higher order intermodulation products and provides broadband suppression. It also suppresses laser relative intensity noise (RIN). Figure 1 shows the implementation of the feed-forward system, employed to linearize the optical intensity output of Laser 2A which is directly modulated with two 3.5 MSymb/s QPSK channels supplied by the outputs of the two vector signal generators set to around 2.4 GHz. The detailed working principle of the feed-forward linearisation has been previously reported [5] . For maximum cancellation of the distortion products amplitude and phase matching is critical both for the carrier suppression loop and the distortion cancellation loop. This is facilitated with the use of variable gain amplifiers and microwave phase shifters. Figure 2 shows the complete experimental arrangement of the wireless-over-fibre transmission system with feed-forward linearisation employed at BS1 to linearize the output of laser 2A. Full duplex transmission takes place between the central station and the base stations. Since the aim of the experiment was to measure the effectiveness of the feed-forward linearization at the BS, transmission only occurred for the uplink, from the base station to the central station. The remote base stations are connected via optical add-drop multiplexers (OADM) to a 2.2 km single-mode fibre (SMF) ring. The OADMs used are constructed using low cost CWDM filters and are employed for routing different wavelengths to their intended remote base stations. Measured optical spectra at various points in the system are also shown in Figure 2 . In the downlink direction, Laser 1, operating around 1510 nm wavelength (λ 1 ), and Laser 3, operating around 1570 nm wavelength (λ 3 ) at the central station are multiplexed and then transported to the 2.2 km fibre ring. At OADM 1, λ 1 is dropped and λ 3 continues in the fibre ring and is dropped at its intended Base Station 2 via OADM 2. In the uplink direction, Laser 2A of wavelength 1532.7 nm (λ 2 ) at Base Station 1 is directly modulated by the combined output of the two vector signal generators providing 3.5 MSymb/s QPSK data at 2.4 GHz and 2.407 GHz. To compensate for the laser nonlinear distortion feed-forward linearisation is used. Since the feedforward arrangement uses a secondary laser its wavelength is at 1529 nm and this can be observed in the optical spectra after the signals are added from BS1 to the fibre ring using a CWDM filter. Wavelength 2 now carrying the QPSK modulated data and λ 4 from BS2 are transported back to the central station after transmission through the ring network. At the central station the wavelengths are separated using the demux. The linearised modulated signal on λ 2 is detected using a photo-diode, amplified with 50 dB gain RF amplifier and finally demodulated using a vector signal analyzer (VSA).
III. WIRELESS-OVER-FIBRE TRANSMISSION EXPERIMENT
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V. EXPERIMENTAL RESULTS
To illustrate the effectiveness of the feed-forward linearisation in our system in suppressing spectral re-growth of Channel A caused by the nonlinearity of Laser 1, the RF spectra of the two transmitted channels were measured with the feed-forward disabled and enabled as shown in Figure 3 .
When the feed-forward was disabled, the nonlinearity generated from Laser 2A caused spectral re-growth from Channel A to interfere with the frequency band of the neighbouring Channel B. With feed-forward enabled the nonlinearity was compensated and the spectral re-growth was suppressed by 10 dB allowing the spectrum of Channel B to be clearly seen.
The quality of the measured eye-diagrams of the weaker channel B were also affected by Channel A spectral re-growth. The eye-diagrams are measured using the VSA set to Channel B at a centre frequency of 2.407 GHz. With the feed-forward enabled, the eye diagram had a wider opening compared with when the feed-forward was disabled. The eye-diagrams are shown in Figure 4a and Figure 4b .
The error vector magnitude (EVM) for Channel B was also measured in the presence of Channel A, whose input power was fixed at +12 dBm throughout, and the results are shown in Figure 4a and Figure 4b . With the feed-forward the EVM decreased by 15%. Successful transmission has been achieved with feed-forward as shown by the clear and well defined constellations in Figure 4a and 4b.
Finally the input powers of both Channel A and Channel B were set equal at +12 dBm and the measured RF spectra are shown in Figure 5 . It can be seen that with the feed-forward disabled, there was strong intermodulation distortion caused by the two high power input signals modulating Laser 1 and any low power signals in adjacent channel frequency bands would have been severely degraded. With feed-forward enabled, the intermodulation distortion was suppressed by more than 10 dB.
VII. CONCLUSION
We have demonstrated the use of feed-forward linearization to compensate for laser nonlinear distortion in a multi-channel wireless-over-fibre system. Overcoming laser nonlinearity improves the system performance. In this experiment, we have used two channels each with 3.5 M/Symbs of QPSK data and have seen 11 dB reductions in the spectral re-growth caused by a strong input channel. Successful transmission was achieved with feed-forward as evident from clear constellations with improvement in EVM from 25% to less than 10%. Laser nonlinearity becomes more severe with two strong input channels leading to interchannel distortion which can completely mask a third adjacent channel. A reduction of 10 dB in intermodulation distortion was achieved with the feed-forward compensation. It is also shown that the CWDM architecture allows efficient distribution of signals from the central station to the base stations and vice versa. The results suggest that feed-forward linearisation allows successful transmission of multiple channels in a wireless-over-fibre system. 
